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a  b  s  t  r  a  c  t
Nucleophilic  substitution  of  the  labile  para-ﬂuorine  atoms  of 2,3,4,5,6-pentaﬂuorophenyl  groups  enables
a  click-based  covalent  linkage  of an  oxygen  indicator  (platinum(II)  or  palladium(II)  5,10,15,20-meso-
tetrakis-(2,3,4,5,6-pentaﬂuorophenyl)-porphyrin)  to  the  sensor  matrix.  Copolymers  of  styrene  and
pentaﬂuorostyrene  are  chosen  as  polymeric  materials.  Depending  on  the  reaction  conditions  either
soluble  sensor  materials  or cross-linked  microparticles  are  obtained.  Additionally,  we prepared  Ormosil-eywords:
xygen sensor
ovalent coupling
lick chemistry
based sensors  with  linked  indicator,  which  showed  very  high  sensitivity  toward  oxygen.  The  effect
of  covalent  coupling  on  sensor  characteristics,  stability  and  photophysical  properties  is  studied.  It is
demonstrated  that leaching  and  migration  of the  dye  are  eliminated  in the  new  materials  but excellent
photophysical  properties  of  the  indicators  are  preserved.
 orphyrin
hosphorescence
. Introduction
Optical oxygen sensors are among the most important sensor
ystems and are widely applied in industry and academia alike [1,2].
or example, oxygen sensors are widely used in biology [6,7], food
ackaging [1],  as pressure sensitive paints [3–5] to mention only a
ew areas. Numerous optical oxygen sensors were reported during
he last decades and the materials employed are now fairly estab-
ished [8,9]. Most state-of-the art sensing materials rely on oxygen
ndicators physically entrapped in a polymer matrix or in an organ-
cally modiﬁed silica (Ormosil) [10]. For this reason they possess
everal major shortcomings, which originate from the fact that dye
olecules can freely migrate within the matrix. First, aggregation
f the dye can occur with time. Second, calibration plots can be
ffected due to redistribution of the dye between different environ-
ents within the matrix which are known to have different polarity
nd oxygen permeability [11]. Third, diffusion of the dye molecules
nto adjusting materials such as polymeric support is thermody-
amically favored and readily occurs with time. Evidently, this
ffects storage stability of the sensor. Since migration processes
re accelerated at higher temperatures even short treatment (e.g.
uring sterilization) may  affect the calibration. Moreover, many
xygen sensing materials rely on the use of nano- and microparti-
les [12,13] dispersed in a polymer matrix [14] where the migration
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processes can be even more critical due to large contact surface.
Finally, simple entrapment of the dye does not completely prevent
it from leaching particularly if organic solvents, lipophilic samples
or surfactants are present [15].
Obviously, the above-mentioned shortcomings can be over-
come by covalently linking the indicator dye to the polymer.
This approach is rather common for other indicators (e.g. pH
indicators) but is not state-of-the art in case of oxygen sen-
sors. Possible explanations are increasing production costs and
signiﬁcant synthetic effort required for both the preparation
of functionalized indicators and the coupling step. A possi-
ble route toward such sensing materials could include click
chemistry [16,17] which enables functionalization of polymers
[18–20] and dyes alike [21] using very mild and straightfor-
ward reaction conditions. Within the arsenal of common click
reactions [22] the nucleophilic substitution of the labile para-
ﬂuorine atoms of a 2,3,4,5,6-pentaﬂuorophenyl groups seems to
be a quite promising method [23,24].  Fortunately, highly pho-
tostable oxygen indicators such as Pt(II) and Pd(II) complexes
of meso-tetra(pentaﬂuorophenyl)porphyrin (TFPP) [25–28] and
tetra(pentaﬂuorophenyl)porphyrin lactones [29,30] possess such
functionality. Additional positive features of these dyes are com-
mercial availability, excellent photostability and good quantum
yields. Although other porphyin based indicators with near infrared
Open access under CC BY-NC-ND license.(NIR) emission were recently employed [31,32], PtTFPP and PdTFPP
are still widely used. Also, nucleophilic substitution reactions have
been widely used for derivatization/covalent coupling of TFPP and
its complexes [33,34].
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Virtually all oxygen sensors make use of polymers or Ormosils
hich act as a support or solvent for the dye and as a permeation-
elective membrane. Important parameters for a good sensor
atrix are adequate gas permeability, excellent chemical and pho-
ochemical stability, good processability of the sensing materials
nd commercial availability [9].  Within the set of different poly-
ers, polystyrene (PS) is the most frequently used matrix. For
rmosil based sensors a variety of different materials with varying
omposition were reported [35–37].
In this contribution we will present a click chemistry based
pproach to covalently link the indicator to two different sensor
atrixes and investigate the inﬂuence of the covalent attachment
n sensor characteristics, photophysical properties and sensor sta-
ility.
. Experimental
.1. Reagents
Styrene (St) and tetraethoxysilane (TEOS) were purchased
rom Fluka (www.sigmaaldrich.com) and pentaﬂuo-
ostyrene (PFS), phenyltrimethoxysilane (PTMS) and
-mercaptopropyltrimethoxysilane (MPS) from ABCR
www.abcr.de). For St and PFS the stabilizer was removed
y ﬁltration over Al2O3. The radical initiator azo-bis-
isobutyronitril) (AIBN) and 1,3-propanedithiol were
btained from ACROS (acros.com), triethylamine (NEt3)
rom Sigma–Aldrich, platinum(II)- and palladium(II)-meso-
etra(2,3,4,5,6-pentaﬂuorophenyl)porphyrin (PtTFPP and PdTFPP,
espectively) and platinum(II) octaethylporphyrin (PtOEP)
rom Frontier Scientiﬁc (www.frontiersci.com), polystyrene
MW  250,000) from Fisher Scientiﬁc (www.ﬁshersci.com) and
oly(ethylene glycol terephthalate) support (Mylar®) from Good-
ellow (www.goodfellow.com). Anhydrous DMF  was obtained
rom Sigma–Aldrich, all other solvents were purchased from Roth
www.carl-roth.de) and used without further puriﬁcation. Syn-
hetic air and nitrogen were of 99.999% purity and were purchased
rom Linde gas (www.linde-gas.at).
.2. Characterization and measurement setup
19F NMR  spectra were recorded on Varian Mercury 300 spec-
rometer (282.46 MHz) in deuterated chloroform and referenced
gainst Me4Si for 1H and 13C. Weight and number average molec-
lar weights (Mw  and Mn), as well as the polydispersity index
DI = Mw/Mn, were determined by size exclusion chromatography
SEC) with the following set-up: Merck Hitachi L6000 pump, sepa-
ation columns from Polymer Standards Service (8 mm × 300 mm,
TV 5 m grade size; 106, 104 and 103 ´˚A pore size), refractive index
etector (model Optilab DSP Interferometric Refractometer) from
yatt Technology. Polystyrene standards from Polymer Standard
ervice were used for calibration. All SEC runs were performed with
HF as the eluent. Pt content in the sensor material was  deter-
ined by ICP-OES after microwave assisted digestion. SEM images
ere recorded on a Zeiss Ultra 55 scanning electron microscope
quipped with a ﬁeld-emission gun (FEG). The particles were ﬁxed
n a double-stick carbon tape on a conventional specimen holder
nd sputter-coated by using a Pt/Pd (50:50) target.
Absorption spectra were measured at a Cary 50 UV–VIS
pectrophotometer (www.lzs-concept.com). Emission spectra
ere acquired on a Hitachi F-7000 ﬂuorescence spectrometerwww.inula.at)  equipped with a red-sensitive photo-multiplier
 9876 from Hamamatsu (www.hamamatsu.com). The emission
pectra were corrected for the sensitivity of the PMT  which was
alibrated using a halogen lamp. Relative luminescence quantumtors B 169 (2012) 173– 181
yields were determined using a solution of PtOEP in toluene as a
standard [38] (quantum yield = 41.5%). The solutions of the dyes
were thoroughly deoxygenated by bubbling argon through.
Luminescence phase shifts were measured with a two-
phase lock-in-ampliﬁer (SR830, Stanford Research Inc.,
www.thinksrs.com). Excitation was  performed with the light
of a 405 nm LED which was  sinusoidally modulated at a frequency
of 5 kHz for PtTFPP or 500 Hz for PdTFPP. A bifurcated ﬁber bundle
was used to guide the excitation-light to the sensor ﬁlm and to
guide back the luminescence. A BG12 excitation glass ﬁlter and an
OG630 emission ﬁlter (both from Schott, www.schott.com)  were
used. The luminescence was detected with a photo-multiplier
tube (H5701-02, Hamamatsu, www.sales.hamamatsu.com). Tem-
perature was controlled by a cryostat ThermoHaake DC50. Gas
calibration mixtures were obtained using a gas mixing device (MKS,
www.mksinst.com). For low oxygen concentrations measurements
were performed using the same two-phase lock-in-ampliﬁer and
a home-made calibration chamber as described earlier [34].
2.3. Polymerization of PS-CO-PFS
Within this work two copolymers of St and PFS were poly-
merized in a solvent-free manner, one with a high PFS content
(PS-PFS-1) and one with a low PFS content (PS-PFS-2). In case of
PS-PFS-1 2 ml  of St and 1 ml  of PFS were used, while for PS-PFS-2
5.5 ml  of St and 35 l of PFS. Both mixtures were deoxygenated for
30 min, then 1 mol% of AIBN was  added. The reactions were carried
out at 85 ◦C in a N2 atmosphere for 20 h. In both cases the solid
polymerization product was  dissolved in CH2Cl2 and precipitated
with MeOH, this procedure was  repeated three times. The ﬂuoride
content in the polymers was determined with a ﬂuoride-sensitive
electrode after microwave assisted combustion [39].
2.4. Polymer-coupling
As demonstrated in Scheme 1, two routes toward sensor poly-
mers were chosen. In the (route a) PS-PFS-1 and Pt- or PdTFPP were
cross-linked using a less than equimolar amount of propanedithiol.
In a typical procedure 105 mg  of PS-co-PFS-1 were dissolved in 1 ml
DMF, then 1–5 mg  of PtTFPP or PdTFPP were added. Subsequently
14 l of propanedithiol and 100 l of TEA were added. The mixture
was stirred at 75 ◦C for 10–20 min, until it turned into a “jelly”. To
ensure complete reaction the “jelly” was left stirring at 75 ◦C for
another 2 h. Finally the “jelly” was  washed three times with EtOH
and acetone to remove DMF, TEA, unreacted propanedithiol and
indicator. After drying the polymer was  crushed in a mortar yield-
ing cross-linked sensor particles. In the (route b) PS-PFS-2 was used
and propanedithiol was  added in excess to prevent cross-linking.
In a typical procedure 100 mg  of PS-PFS-2 were dissolved in 2 ml  of
DMF  and reacted with 30 l of propanedithiol (60 equiv.) and 50 l
of TEA (35 equiv.) at 75 ◦C for 5–6 h. After precipitation and subse-
quent washing with MeOH the thiol-saturated polymer (TSP) was
dried at 60 ◦C. Subsequently PtTFPP or PdTFPP were introduced:
10 mg of the dye were dissolved in 5 ml  of DMF, 50 l of TEA were
added and the mixture was  heated to 75 ◦C, then 100 mg  of TSP,
dissolved in 3 ml  of DMF, were added dropwise. After 5 h the sol-
uble sensor polymers were obtained by precipitation and washing
with MeOH.
2.5. Ormosil-coupling
15 mg  of PtTFPP or PdTFPP were dissolved in 100 l of anhydrous
DMF, 20 l of TEA were added as well as 3.2 M equiv. of MPS. The
reaction was  carried out for 1 h in a closed vial at 75 ◦C. Reaction
progress was monitored using TLC (silica gel): in contrast to the
unreacted dye which is hydrophobic, the modiﬁed dye binds to the
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Scheme 1. Click-based synthesis of oxygen-sensitive materials by grafting indicators onto poly(styrene-co-pentaﬂurostyrene) or by introducing functionalized indicator to
Ormosil-based materials. For the polymer based materials two routes can be distinguished: (route a) leads to cross-linked sensor polymers; (route b) yields soluble sensor
polymers with covalently coupled indicator.
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sLC plate. Since the functional dye is prone to hydrolysis it was
sed without further isolation. To the above mixture 2 ml  of EtOH,
 ml  of TEOS, 1 ml  of PTMS and 630 l of water were added. After
5 min  at 65 ◦C the mixture turned into a porous solid and was  left
t this temperature for another 2 h. Finally the mixture was  dried
t 200 ◦C in a drying chamber (3 h). After washing with acetone and
H2Cl2 the dry product was crushed in a mortar to yield Ormosil
ensor microparticles (OSP).2.6. Sensor preparation
The “cocktails” for coating the reference sensors were prepared
by dissolving 1–5 mg  PtTFPP or PdTFPP and 100 mg of polystyrene
in 1000 mg  of CHCl3. Sensor ﬁlms containing cross-linked sen-
sor particles were prepared as follows. 20 mg  of the CLSPs or the
OSP were dispersed in 50 mg  of silicon E4 (www.wacker.com) and
150 mg  of hexane. In case of the soluble sensor polymer 100 mg  of
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Table  1
Properties of poly(styrene-co-pentaﬂurostyrene).
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6PS-PFS-1 23.5 418,000 2.3
PS-PFS-2 0.5 494,000 2.5
he material were dissolved in 1000 mg  of CHCl3. All cocktails were
nife-coated on either a glass slide or a PET-foil to give, after solvent
vaporation, phosphorescent sensor ﬁlms.
. Results and discussion
.1. Choice of materials
PtTFPP and PdTFPP are doubtless among the most commonly
sed indicators in optical oxygen sensors. Although other indi-
ators (e.g. NIR emitting benzoporphyrins [31,40,41])  were also
ound promising, the TFPP based indicators remain very attractive
nd are commonly used due to commercial availability, excel-
ent photostability and red emission that can easily be visualized.
ynthetic modiﬁcation of such important indicators seems there-
ore worthwhile. Due to the presence of pentaﬂuorophenyl groups
uch a modiﬁcation is possible via a click chemistry pathway.
he nucleophilic substitution of the labile para-ﬂuorine atoms of
 pentaﬂuorophenyl group with a thiol is an essential step [22],
s it yields groups which are suitable for covalent coupling. This
pproach was used to link the indicators to polymer matrixes as
ell as to an Ormosil.
.2. Polymer-coupling
.2.1. Polymer synthesis and click modiﬁcation
High molecular weight styrene–pentaﬂurostyrene-copolymers
ere synthesized via radical polymerization of the monomers sim-
larly to the literature procedure [42]. This method was  chosen
s it yields polymers with high molecular weight which gener-
lly improves the mechanical stability of the sensor ﬁlm. Other
olymerization methods like nitroxide-mediated radical poly-
erization (NMP) can of course be used and may  have better
ontrollability [43], however high molecular weight polymers are
ot always easily accessible [44,45]. The properties of the obtained
olymers are summarized in Table 1.
In order to graft the indicator dye to the polymer via click chem-
stry, a dithiol was chosen for the nucleophilic substitution of the
abile para-ﬂuorine atoms of the pentaﬂuorophenyl residues. The
eaction progress for the soluble sensor polymer with coupled indi-
ator was monitored via 19F NMR. At ﬁrst, PS-PFS-2 was reacted
ith a large excess (60 times) of propanedithiol. Excess of the
ithiol was used to minimize potential cross-linking and to ensure
nly one binding between the thiol residues and the polymer. After
 h nearly every para-ﬂuorine was substituted by a thiol group as
een in the 19F NMR  (Fig. 1b). In the next step an indicator dye,
ither PtTFPP or PdTFPP, was grafted onto the polymer. Also in this
tep the indicator was used slightly in excess (about 2 equiv.) again
o prevent cross-linking.
In the ﬁnal product six different peaks were observed in the
9F NMR  and are clearly attributed. The para-ﬂourine peak corre-
ponding to the dye decreased by roughly 25% conﬁrming that the
ndicator dye is coupled to the polymer, as intended, only once. The
latinum content in the ﬁnal sensing material was determined to
e 7.6 mg/g. This indicates that about 82% of the previously intro-
uced pentaﬂuorophenyl groups in the polymer reacted with a
tTFPP via the dithiol linkage. The molecular weight increased to
44,000 g/mol.tors B 169 (2012) 173– 181
In  order to generate a cross-linked sensing material with cova-
lently linked indicator PS-PFS-1 was reacted with 0.5 equiv. of
propanedithiol in the presence of the indicator. Within 10–20 min
a jelly like product was formed, indicating the spontaneous cross-
linking of polymer chains. The product was  washed with different
organic solvents including CH2Cl2 and CHCl3 without being dis-
solved, indicating that the cross-linking was successful.
3.2.2. Photophysical properties
Covalent bonds between the dye and the matrix are expected
to increase sensor stability without negatively affecting the sen-
sor’s characteristics especially brightness and sensitivity. As can be
seen in Table 2, coupling of the indicator did not affect the position
of the absorption and emission bands. Similarly, the phosphores-
cence quantum yields (Q.Y.) and decay times were only marginally
affected.
3.2.3. Sensor characteristics
Cross-linked sensor polymers were crushed into microparticles
and dispersed in silicone rubber. The soluble polymers with the
coupled indicators were dissolved in CHCl3 to give homogeneous
sensor ﬁlms after solvent evaporation. Furthermore, the indicator
was also simply dissolved (physically entrapped) in the polymer.
PS based sensors were chosen as a reference.
Fig. 2 shows the calibration plots obtained for the new mate-
rials and Table 3 summarizes the respective sensor properties.
Non linear Stern–Volmer calibration plots are quite common for
optical oxygen sensors [11]. Such a calibration behavior can be ade-
quately described by the two-site model (Eq. (1)) [10,11],  where
KSV1 and KSV2 are the two  different Stern–Volmer constants, and
F is the distribution coefﬁcient. Although this model is not phys-
ically meaningful, for the decay time measurements ﬁtting with
high correlation coefﬁcients (r2 > 0.999) is possible.

0
= F
1 + KSV1 × pO2
+ 1  − F
1 + KSV2 × pO2
(1)
Sensors S1 and S2 differ only by the amount of loaded indicator,
their calibration curves are very similar, even though the decay time
of S2 is signiﬁcantly reduced. Usually a higher dye loading increases
brightness, but often aggregation or insolubility are limiting factors.
For S2 the decreased decay time (and decreased I0/I − 1) can indi-
cate that PS and PFS tend to form block-like structures, if the PFS
content is high due to the difference in polymerization rate of the
two monomers. Within the blocks the indicator dyes are closer to
each other leading to a decreased decay time. When PtTFPP is only
dissolved in PS-PFS-1 (S3) the resulting sensor is more sensitive
than when the indicator is coupled to the same polymer (S1). This
might be due to a decrease in the free volume upon cross-linking
which affects gas permeability.
S1 and S2 are insoluble in organic solvents, but the beads can
easily be dispersed in common matrixes (such as hydrogels or
silicones) also along with other components (e.g. temperature-
sensitive beads, titanium dioxide particles or other additives). On
the other hand, if the indicator is only coupled to the polymer with-
out crosslinking the chains the resulting material is still soluble
(S4 and S5) and can easily be applied on polymeric or inorganic
substrates. Compared to PtTFPP the palladium analogue (PdTFPP)
has a roughly 15 times longer decay time, which results in higher
sensitivity of the sensors using this indicator.
All optical sensors including oxygen sensors show cross-
sensitivity to temperature and this is of course valid for the
materials presented here. The cross-sensitivity results from two
components, namely the thermal quenching of the indicator (which
lowers 0 with increasing temperature) and the change in oxy-
gen diffusion and solubility within the polymer (which normally
increases the sensitivity). In this respect the investigated materials
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Fig. 1. 19F NMR  spectra of (a) PS-PFS-2, (b) PS-PFS-2 after saturating with propanedithiol, (c) the free indicator dye PtTFPP and (d) PtTFPP grafted onto PS-PFS-2; all
measurements were performed in CDCl3.
Table 2
Comparison of the photophysical properties of covalently linked PtTFPP (SPP1) and the non-coupled indicator.
Code Solvent max (abs/nm) max (em/nm) Q.Y.  (s)
PtTFPP Toluene 396, 509, 541 652 0.19 33
, 542 
, 540 
, 541 
s
o
d
p
3
t
m
T
SPtTFPP coupled to PS-PFS-2 Toluene 397, 509
PtTFPP CHCl3 392, 508
PtTFPP coupled to PS-PFS-2 CHCl3 392, 509
how behavior similar to the reference sensors and other reported
xygen sensors [31]. For example in case of S4 the decay time
ecreased by 0.3% per K and the sensitivity increased by about 0.6%
er K..2.4. Sensor stability
Immobilizing the indicator in the sensor matrix is expected
o have positive effects on sensor stability. As known, dye
igration and aggregation are factors that limit long term
able 3
ensor characteristics of new sensor materials compared to the reference sensors.
Code Matrix Type Dye (amo
S1a PS-PFS-1 Coupled + cross-linked PtTFPP (1
S2a PS-PFS-1 Coupled + cross-linked PtTFPP (5
S3 PS-PFS-1 Dissolved PtTFPP (1
S4  PS-PFS-2 Coupled PtTFPP (5
S5  PS-PFS-2 Coupled PdTFPP (5
Ref 1 PS Dissolved PtTFPP (1
Ref  2 PS Dissolved PtTFPP (5
Ref  3 PS Dissolved PdTFPP (1
a Cross-linked sensor particles of PtTFPP on PS-PFS-1 dispersed in silicone rubber.
b At 100% synthetic air.
c Calibration from 0 to 42 hPa (0/ − 1 at 42 hPa).653 0.16 27
653 0.33 69
654 0.29 58
stability, and can be caused by high indicator concentrations
which can alter the characteristics of the sensor [46]. Notably,
dye molecules can also migrate into the support [47] espe-
cially if polymeric ﬁbers or polymeric sensor supports are used.
The migration of the dye into other polymers is accelerated
by heat or by the presence of organic solvents that swell
either the matrix or the polymeric support. Evidently, this effect
is suppressed by covalently coupling the dye to the sensor
matrix.
unt in wt%) 0 (s) 0/ − 1b I0/I − 1b
) 59.3 ± 0.2 2.74 3.57
) 49.9 ± 0.1 2.66 3.20
) 61.5 ± 0.1 3.02 4.27
) 56.4 ± 0.1 2.04 3.06
) 951 ± 7 4.54c 6.74c
) 58.8 ± 0.1 2.02 2.88
) 49.8 ± 0.1 1.78 2.18
) 964 ± 4 3.97c 5.97c
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Poly(methyl methacrylate) (PMMA) plastic optical ﬁbers are
ommonly used for optical signal transduction and represent a
heap alternative to glass ﬁbers. PMMA  ﬁbers were coated with
tTFPP coupled to PS-PFS-2 as well as with PtTFPP in PS (both
aterials dissolved in chloroform). The coated ﬁbers were dried
t 60 ◦C for 6 h and then compared to a corresponding sensor spot
PtTFPP/PS on PET support). The results are presented in Fig. 3. As
t can be observed, sensitivity decreases dramatically (by about 2-
old) if the indicator is not linked to the polymer. This indicates that
he migration of the indicator into PMMA  (which has lower gas per-
eability than PS) is very efﬁcient. Similar effects were observed
y Badocco et al. who characterized the sensors prepared by coat-
ng of PMMA  ﬁbers with a Pt(II) porphyrin in polysulfon [48]. In
act, the authors documented decrease in the sensitivity over time
nd observed very long dynamic response times for the sensors.
t is evident (Fig. 3) that if the dye is coupled to the polymer, the
egative effects are dramatically reduced. In fact, the sensitivity
ecreases only by about 4%. Thus, minimized risk of dye migra-
ion enables simple coating procedures for polymeric ﬁbers and
ncreases long-term stability of optical sensors.
A further stability problem of optical oxygen sensors arises from
ye leaching. This issue can be solved by covalently coupling the
ye to the matrix. For example, cross-linked sensor particles can be
asily incorporated into a gas permeable membrane (e.g. silicone
r hydrogel). Even when exposed to organic solvents, which are
nown to swell the particles, leaching of the dye was  not observed.
ot surprisingly, in case of the indicator coupled to the polymer (S4
ig. 3. Stern–Volmer plots for the oxygen-sensing materials coated on a poly (ethylen
nterpretation of the references to color in this ﬁgure legend, the reader is referred to the PdTFPP-based (b) oxygen-sensing materials.
and S5) the exposure to pure organic solvents such as chloroform
leads to dissolving of the sensor, as the polymer itself is soluble.
Exposure of the ﬁlm to solvents that do not the dissolve but swell
the polymer (e.g. acetone) is possible. This is of particular inter-
est as sensor ﬁlms can sometimes, for example during cleaning, be
exposed to such solvents or mixtures of solvents with water. As
shown in Fig. 4, dye leaching occurred rapidly when sensors with
entrapped indicator are dipped in or are exposed to such solvents
or solvent mixtures. When the dye is linked to the polymer it will
not be released from the sensor layer even if stored in the solvent
for several days.
Short time exposure of sensor ﬁlms to organic solvents like ace-
tone can change the sensor signal and which is even more critical
can lead to extraction of the dye into the environment. When expos-
ing S4 to acetone or THF/EtOH mixtures 0 does not change but the
sensitivity of the sensor is marginally increased (by 3–4%). On the
other hand, if a sensor with the physically entrapped indicator (Ref
1) is exposed to those solvents the sensor signal drops immediately
and the indicator is fully extracted.
The previously discussed stability problems arise from the
mobility of the indicator in the matrix itself or from the exposure
of the sensor to certain solvents. An additional factor, which plays
an important role in determining the stability, is photostability. In
general, photostability is mostly determined by the indicator rather
than by the sensor matrix. To check the effect of covalent linkage
of the indicator to the matrix a reference sensor (Ref 1) and S4
were both continuously illuminated. After 5.5 h the intensity of S4
e terephthalate) support (red squares) and on a PMMA  ﬁber (blue circles). (For
 web version of this article.)
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Fig. 4. Photographic images of the sensor ﬁlms after dipping into different organic
solvents. If PtTFPP is coupled to PS-PFS-2 the sensor ﬁlms remain colored after sev-
e
m
(
d
i
v
l
s
e
3
r
c
D
d
O
[
a
c
F
pral  days exposure (top). When the indicator is only physically entrapped in PS
ost organic solvents remove the indicator from the sensor which in a few seconds
bottom).
ropped by 3.5% while the reference sensor lost 1.4% of its initial
ntensity (Fig. 5). Despite this decrease the photostability remains
ery good. It should also be considered that normally only short
ight pulses (and not continuous irradiation) are needed for mea-
uring. Additionally, in case of the decay time measurements the
ffect of photobleaching is negligible.
.3. Ormosil-coupling
As was mentioned above, organically modiﬁed silicas (Ormosils)
epresent other highly important sensor matrixes. These materials
an be synthesized from a variety of alkoxysilanes by condensation.
epending on the reaction conditions and the precursors used quite
ifferent sensor materials can be obtained including, for example,
rmosil ﬁlms [37], soluble ormosils [10], xerogels [49] or aerogels
50]. Ormosil-based materials are rather versatile sensor matrixes,
nd as such they are an interesting addition to polymers.
Mercaptopropyltrimethoxysilane was used to modify the indi-
ator to enable covalent coupling to the Ormosil. Following the
ig. 6. Sensing properties and structure of the Ormosil-based material: (a) Stern–Volmer
orosity; (c) magniﬁcation of the square shown in (b) indicating the nano porosity of theFig. 5. Photostability of S4 (top) and Ref 1 (bottom). After covalent coupling of the
indicator the photostability slightly decreases.
click reaction scheme (Scheme 1) PtTFPP or PdTFPP were reacted
in anhydrous DMF  in the presence of TEA. The reaction process was
monitored via TLC. Since the silane-modiﬁed dye is prone to hydrol-
ysis, it is important to use the functionalized dye immediately.
For the proof of principle the functionalized dye was
reacted with tetraethoxysilane (TEOS) and phenyltrimethoxysilane
(PTMS). The resulting Ormosil was dried, crushed and afterwards
exposed to organic solvents such as acetone or CH2Cl2. The Ormosil,
either containing PtTFPP or PdTFPP, did not show any leaching
of the dye. A similar Ormosil containing physically entrapped
PtTFPP was synthesized for comparison. When this material was
exposed to the same organic solvents instantaneous dye leaching
was observed and the particles turned essentially colorless within
a few seconds.
The Ormosil particles with the linked indicator were dispersed
in a silicone matrix. Surprisingly, the prepared materials were
found to be highly sensitive to oxygen which makes them promis-
ing for trace oxygen sensing (Fig. 6). Again the calibration plots
are not linear, so the two-site-model was  used to ﬁt the calibration
plots. The KSV values given in Fig. 6 represent the values obtained for
the better quenchable fraction (KSV2 is more then 10 times smaller).
The bimolecular quenching constant (kq = KSV/0) was calculated
−1 −1to be 120 and 116 Pa s for PdTFPP and PtTFPP, respectively.
The Stern–Volmer constants (KSV) are comparable to the values
obtained for the recently published trace oxygen sensors based on
the porphyrin dyes covalently attached to the surface of the silica
 plots; (b) low magniﬁcation SEM picture of an Ormosil particle showing the macro
 material.
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articles (≈0.4 hPa−1 for PtTFPP and ≈6.8 hPa−1 for PdTFPP [34]).
n the other hand, kq of the published sensor is roughly only a
alf of the value reported here. The bimolecular quenching con-
tants kq are also signiﬁcantly smaller for other sensitive ormosils
kq = 30–40 Pa−1 s−1 using PtOEP [35]) or xerogels (kq = 54 Pa−1 s−1
sing [Ru(dpp)3]2+ [49]).
The high sensitivity toward oxygen showed by the material pre-
ented here can be correlated to the highly porous structure, which
as veriﬁed via SEM measurements. The obtained Ormosil particles
isplay both a macro porous structure (Fig. 6b) and an additionally
ano porous substructure (Fig. 6c). Therefore, oxygen can easily
iffuse toward the linked indicator dye.
The chosen example shows that Ormosils are highly interesting
aterials as the structure and composition can have a strong inﬂu-
nce on the sensor performance. As mentioned above a variety of
ifferent Ormosil-based materials exist and are used, therefore the
oncept presented here may  also be applied for those materials.
. Conclusion
In this article we presented a convenient and quite versatile way
o covalently immobilize two frequently used indicators (PtTFPP
nd PdTFPP) to polymer and Ormosil-based sensor materials. The
resented way is based on a single step click reaction involving
he nucleophilic substitution of the labile para-ﬂuorine atom of the
ndicator with a thiol. The impact of covalent coupling on sensi-
ivity, photophysical properties and sensor stability was  studied.
t was found that covalent coupling increases the sensor stability
n terms of dye leaching and migration, while conserving the good
hotophysical properties. The concept was proved to be useful for
wo important sensor matrixes; but it can possibly be extended to
ther materials as well. Notably, the same strategy can be adapted
or other luminescent dyes bearing pentaﬂuorophenyl group, as for
xample NIR emitting phosphorescent porphyrin-lactones [29,30].
cknowledgments
Financial support by the Austrian Science Fund (FWF; Research
roject No. P21192-N17) is gratefully acknowledged. The authors
ould like to thank H. Motter, Dr. H. Wiltsche, B. Müller, Dr. M.
uaranta and P. Lehner from the Institute of Analytical Chemistry
nd Food Chemistry for technical support. Dr. B. Rupp from the
nstitute for Chemistry and Technology of Materials is thanked for
elping with the GPC measurements also Dr. Kathrin Schittelkopf
rom the Institute for Inorganic Chemistry is thanked for helping
ith NMR  measurements. SEM pictures were recorded with the
elp of A. Zankel from the Institute of Electron Microscopy and Fine
tructure Research.
eferences
[1] A. Mills, Oxygen indicators and intelligent inks for packaging food, Chemical
Society Reviews 34 (2005) 1003–1011.
[2] O.S. Wolfbeis, Fiber-optic chemical sensors and biosensors, Analytical Chem-
istry 80 (2008) 4269–4283.
[3] J.H. Bell, E.T. Schairer, L.A. Hand, R.D. Mehta, Surface pressure measurements
using luminescent coatings, Annual Review of Fluid Mechanics 33 (2001)
155–206.
[4] G.E. Khalil, C. Costin, J. Crafton, G. Jones, S. Grenoble, M.  Gouterman, J.B. Callis,
L.R.  Dalton, Dual-luminophor pressure-sensitive paint. I: ratio of reference to
sensor giving a small temperature dependency, Sensors and Actuators B 97
(2004) 13–21.
[5] J. Hradil, C. Davis, K. Mongey, C. McDonagh, B.D. MacCraith, Temperature-
corrected pressure-sensitive paint measurements using a single camera and
a  dual-lifetime approach, Measurement Science and Technology 13 (2002)
1552–1557.
[6] R.I. Dmitriev, A.V. Zhdanov, G.V. Ponomarev, D.V. Yashunski, D.B. Pap-
kovsky, Intracellular oxygen-sensitive phosphorescent probes based on
cell-penetrating peptides, Analytical Biochemistry 398 (2010) 24–33.
[tors B 169 (2012) 173– 181
[7] I. Klimant, V. Meyer, M.  Kuhl, Fiber-optic oxygen microsensors, a new tool in
aquatic biology, Limnology and Oceanography 40 (1995) 1159–1165.
[8] O.S. Wolfbeis, Materials for ﬂuorescence-based optical chemical sensors, Jour-
nal  of Materials Chemistry 15 (2005) 2657–2669.
[9] Y. Amao, Probes and polymers for optical sensing of oxygen, Mikrochimica Acta
143  (2003) 1–12.
10] I. Klimant, F. Ruckruh, G. Liebsch, A. Stangelmayer, O.S. Wolfbeis, Fast response
oxygen micro-optodes based on novel soluble ormosil glasses, Mikrochimica
Acta 131 (1999) 35–46.
11] E.R. Carraway, J.N. Demas, B.A. DeGraff, J.R. Bacon, Photophysics and
photochemistry of oxygen sensors based on luminescent transition-metal com-
plexes, Analytical Chemistry 63 (1991) 337–342.
12] G. Mistlberger, K. Koren, E. Scheucher, D. Aigner, S.M. Borisov, A. Zankel, P.
Pölt, I. Klimant, Multifunctional magnetic optical sensor particles with tunable
sizes for monitoring metabolic parameters and as a basis for nanotherapeutics,
Advanced Functional Materials 20 (2010) 1842–1851.
13] K. Koren, G. Mistlberger, D. Aigner, S. Borisov, A. Zankel, P. Pölt, I. Klimant, Char-
acterization of micrometer-sized magnetic optical sensor particles produced
via spray-drying, Monatshefte fur Chemie 141 (2010) 691–697.
14] S.M. Borisov, T. Mayr, G. Mistlberger, I. Klimant, Dye-doped polymeric particles
for  sensing and imaging, in: A.P. Demchenko (Hrsg.), Advanced Fluorescence
Reporters in Chemistry and Biology II, Springer, Berlin, Heidelberg, 2010, pp.
193–228.
15] T.C. O’Riordan, H. Voraberger, J.P. Kerry, D.B. Papkovsky, Study of migration
of  active components of phosphorescent oxygen sensors for food packaging
applications, Analytica Chimica Acta 530 (2005) 135–141.
16] J.E. Moses, A.D. Moorhouse, The growing applications of click chemistry, Chem-
ical Society Reviews 36 (2007) 1249–1262.
17] H.C. Kolb, M.G. Finn, K.B. Sharpless, Click Chemistry, Diverse chemical function
from a few good reactions, Angewandte Chemie International Edition 40 (2001)
2004–2021.
18] C. Ott, R. Hoogenboom, U.S. Schubert, Post-modiﬁcation of
poly(pentaﬂuorostyrene): a versatile click method to create well-deﬁned
multifunctional graft copolymers, Chemical Communications (2008) 3516.
19] C.R. Becer, K. Babiuch, D. Pilz, S. Hornig, T. Heinze, M.  Gottschaldt, et al., Clicking
pentaﬂuorostyrene copolymers: synthesis, nanoprecipitation, and glycosyla-
tion, Macromolecules 42 (2009) 2387–2394.
20] C. Barner-Kowollik, F.E. Du Prez, P. Espeel, C.J. Hawker, T. Junkers, H. Schlaad,
et  al., Clicking polymers or just efﬁcient linking: what is the difference? Ange-
wandte Chemie International Edition 50 (2011) 60–62.
21] L.K. Tsou, M.M.  Zhang, H.C. Hang, Clickable ﬂuorescent dyes for multi-
modal bioorthogonal imaging, Organic and Biomolecular Chemistry 7 (2009)
5055–5058.
22] C.R. Becer, R. Hoogenboom, U.S. Schubert, Click chemistry beyond metal-
catalyzed cycloaddition, Angewandte Chemie International Edition 48 (2009)
4900–4908.
23] P. Battioni, O. Brigaud, H. Desvaux, D. Mansuy, T.G. Traylor, Preparation of
functionalized polyhalogenated tetraaryl-porphyrins by selective substitution
of  the p-Fluorines of meso-tetra-(pentaﬂuorophenyl)porphyrins, Tetrahedron
Letters 32 (1991) 2893–2896.
24] D. Samaroo, C.E. Soll, L.J. Todaro, C.M. Drain, Efﬁcient microwave-assisted
synthesis of amine-substituted tetrakis(pentaﬂuorophenyl)porphyrin, Organic
Letters 8 (2006) 4985–4988.
25] S.-K. Lee, I. Okura, Photostable optical oxygen sensing material: platinum
tetrakis(pentaﬂuorophenyl)porphyrin immobilized in polystyrene, Analytical
Communications 34 (1997) 185–188.
26] L.H. Fischer, S.M. Borisov, M.  Schaeferling, I. Klimant, O.S. Wolfbeis, Dual sensing
of  pO2 and temperature using a water-based and sprayable ﬂuorescent paint,
Analyst 135 (2010) 1224.
27] T. Mayr, S.M. Borisov, T. Abel, B. Enko, K. Waich, G.  Mistlberger, et al., Light
harvesting as a simple and versatile way  to enhance brightness of luminescent
sensors, Analytical Chemistry 81 (2009) 6541–6545.
28] C. McDonagh, C.S. Burke, B.D. MacCraith, Optical chemical sensors, Chemical
Reviews 108 (2008) 400–422.
29] G.E. Khalil, C. Costin, J. Crafton, G. Jones, S. Grenoble, M.  Gouterman, et al.,
Dual-luminophor pressure-sensitive paint: I. Ratio of reference to sensor giv-
ing  a small temperature dependency, Sensors and Actuators B 97 (2004)
13–21.
30] G. Khalil, M.  Gouterman, S. Ching, C. Costin, L. Coyle, S. Gouin, et al.,
Synthesis and spectroscopic characterization of Ni, Zn, Pd and Pt
tetra(pentaﬂuorophenyl)porpholactone with comparisons to Mg,  Zn, Y,
Pd and Pt metal complexes of tetra(pentaﬂuorophenyl)porphine, Journal of
Porphyrins Phthalocyanines 06 (2002) 135.
31] S.M. Borisov, G. Nuss, I. Klimant, Red light-excitable oxygen sensing materials
based on platinum(II) and palladium(II) benzoporphyrins, Analytical Chemistry
80  (2008) 9435–9442.
32] O.S. Finikova, A.V. Cheprakov, S.A. Vinogradov, Synthesis and luminescence
of  soluble meso-unsubstituted tetrabenzo- and tetranaphtho[2,3]porphyrins,
Journal of Organic Chemistry 70 (2005) 9562–9572.
33] Y. Tian, B.R. Shumway, D.R. Meldrum, A new cross-linkable oxygen sensor cova-
lently bonded into poly(2-hydroxyethyl methacrylate)-co-polyacrylamide thin
ﬁlm for dissolved oxygen sensing, Chemistry of Materials 22 (2010) 2069–2078.
34]  S.M. Borisov, P. Lehner, I. Klimant, Novel optical trace oxygen sensors based
on platinum(II) and palladium(II) complexes with 5,10,15,20-meso-tetrakis-
(2,3,4,5,6-pentaﬂuorphenyl)-porphyrin covalently immobilized on silica-gel
particles, Analytica Chimica Acta 690 (2011) 108–115.
 Actua
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
Marine Microbiology (Bremen) in 1994–1996 and an assistant professor at the Uni-
versity Regensburg in 1996–2001. Since 2001 he is full professor at the InstituteK. Koren et al. / Sensors and
35]  V.S. Tripathi, G. Lakshminarayana, M.  Nogami, Optical oxygen sensors based on
platinum porphyrin dyes encapsulated in ORMOSILS, Sensors and Actuators B
147 (2010) 741–747.
36] Z. Tao, E.C. Tehan, Y. Tang, F.V. Bright, Stable sensors with tunable sensitivities
based on class II xerogels, Analytical Chemistry 78 (2006) 1939–1945.
37] C. McDonagh, B.D. MacCraith, A.K. McEvoy, Tailoring of sol–gel ﬁlms for optical
sensing of oxygen in gas and aqueous phase, Analytical Chemistry 70 (1998)
45–50.
38] A.K. Bansal, W.  Holzer, A. Penzkofer, T. Tsuboi, Absorption and emission spec-
troscopic characterization of platinum-octaethyl-porphyrin (PtOEP), Chemical
Physics 330 (2006) 118–129.
39] E.M.M. Flores, M.F. Mesko, D.P. Moraes, J.S.F. Pereira, P.A. Mello, J.S. Barin, et al.,
Determination of halogens in coal after digestion using the microwave-induced
combustion technique, Analytical Chemistry 80 (2008) 1865–1870.
40] F. Niedermair, S.M. Borisov, G. Zenkl, O.T. Hofmann, H. Weber, R. Saf, et al.,
Tunable phosphorescent NIR oxygen indicators based on mixed benzo- and
naphthoporphyrin complexes, Inorganic Chemistry 49 (2010) 9333–9342.
41] S.M. Borisov, G. Zenkl, I. Klimant, Phosphorescent platinum(II) and pal-
ladium(II) complexes with azatetrabenzoporphyrins-new red laser diode-
compatible indicators for optical oxygen sensing, ACS Applied Materials and
Interfaces 2 (2010) 366–374.
42] W.A. Pryor, T.-L. Huang, Reactions of radicals. XVIII: kinetics of the polymeriza-
tion  of pentaﬂuorostyrene, Macromolecules 2 (1969) 70–77.
43] C.R. Becer, K. Kokado, C. Weber, A. Can, Y. Chujo, U.S. Schubert, Metal-free syn-
thesis of responsive polymers: cloud point tuning by controlled click reaction,
Journal of Polymer Science Part A: Polymer Chemistry 48 (2010) 1278–1286.
44] C.J. Hawker, A.W. Bosman, E. Harth, New polymer synthesis by nitroxide medi-
ated living radical polymerizations, Chemical Reviews 101 (2001) 3661–3688.
45] R.B. Grubbs, Nitroxide-mediated radical polymerization: limitations and ver-
satility, Polymer Reviews 51 (2011) 104–137.
46] D.B. Papkovsky, J. Olah, I.V. Troyanovsky, N.A. Sadovsky, V.D. Rumyantseva,
A.F. Mironov, et al., Phosphorescent polymer ﬁlms for optical oxygen sensors,
Biosensors and Bioelectronics 7 (1992) 199–206.
47] X.Q. Zhang, C.H. Wang, Physical aging and dye diffusion in polysulfone below
the  glass transition temperature, Journal of Polymer Science Part B: Polymer
Physics 32 (1994) 569–572.tors B 169 (2012) 173– 181 181
48] D. Badocco, A. Mondin, P. Pastore, Determination of thermodynamic parame-
ters from light intensity signals obtained from oxygen optical sensors, Sensors
and Actuators B 163 (2012) 165–170.
49] R.M. Bukowski, R. Ciriminna, M. Pagliaro, F.V. Bright, High-performance
quenchometric oxygen sensors based on ﬂuorinated xerogels doped with
[Ru(dpp)3]2+, Analytical Chemistry 77 (2005) 2670–2672.
50] D.L. Plata, Y.J. Briones, R.L. Wolfe, M.K. Carroll, S.D. Bakrania, S.G. Mandel, et al.,
Aerogel-platform optical sensors for oxygen gas, Journal of Non-Crystalline
Solids 350 (2004) 326–335.
Biographies
Klaus Koren studied technical Chemistry at the Graz University of Technology and
obtained his diploma in 2008. Currently he is a PhD student at the Institute of
Analytical Chemistry and Food Chemistry, Graz University of Technology, Austria.
His  research interests cover optical oxygen sensors, nano structured materials and
indicator synthesis.
Sergey M. Borisov received his PhD degree in chemistry from the Herzen State
Pedagogical University (St. Petersburg, Russia) in 2003. In 2004–2006 he was a post-
doctoral fellow at the University of Regensburg. He joined the Institute of Analytical
Chemistry and Food Chemistry at the University of Technology in Graz in 2006. His
research interests are in the chemistry of porphyrins, ﬂuorescent indicators, in the
application of luminescent probes in optical sensing, and in the use of luminescent
micro- and nanomaterials in bioanalytical methods.
Ingo Klimant received his PhD in chemistry in 1993 from the Karl-Franzens Uni-
versity in Graz. He was a postdoctoral research fellow at Max-Planck-Institute forof  Analytical Chemistry and Food Chemistry in Graz. His areas of interest include
optical chemical sensors and biosensors, analytical methods in biotechnology and
molecule spectroscopy.
